Two adjacent, highly homologous endoglucanase genes, celD and celE from Fibrobacter succinogenes S85, which were separated by an AT-rich 223-nucleotide intergenic region were characterized. The celD gene codes for endoglucanase D (EGD), a protein of 668 residues with a molecular mass of 71.7 kDa, while the celE gene encodes endoglucanase E, a protein of 467 amino acids with a molecular mass of 50.7 kDa. Both gene products belong to family 9 of glycosyl hydrolases. EGD displays an array of serine-rich periodic sequences (SRPS) near its C terminus which separate the catalytic domain from a basic terminal domain (BTD) rich in positively charged amino acids. Endoglucanase E has a BTD which is homologous to that of EGD, but it lacks the SRPS and 151 residues present at the N terminus of EGD. The SRPS structures may function as flexible linkers which facilitate interactions between the BTDs and acidic membrane proteins from F. succinogenes S85. The recombinant EGD showed pH and temperature optima of 5.5 and 35؇C, respectively. The enzyme cleaved barley-␤-glucan, carboxymethyl cellulose, and acid-swollen cellulose with specific activities of 19.1, 11.5 and 1.7 mol ⅐ min ؊1 ⅐ mg of protein
Fibrobacter succinogenes S85 is a predominant cellulolytic rumen bacterium which efficiently digests plant cell wall polysaccharides, including crystalline cellulose (9, 25) . In an attempt to unveil the mechanisms of cellulose digestion by F. succinogenes S85, two endoglucanases, EG1 and EG2 (26) , a chloride-stimulated cellobiosidase (20) , and a cellodextrinase (19) have been purified from cultures of the bacterium and characterized. In a complementary approach, 11 genes which code for either glucanases or a cellobiosidase (22, 25) have been cloned. Of these, four were studied at the nucleotide sequence level; these were cel3 (27) , a gene coding for a mixedlinkage glucanase (34) , cedA (22) , and endB (2) . The gene endB from F. succinogenes S85 was recently found to be present in pCel4 (25) cloned by us (unpublished data).
In this investigation, the nucleotide sequence of the DNA insert from the endoglucanase clone pCel12 (25) has been determined, and some of the properties of the expressed enzyme are reported.
MATERIALS AND METHODS
Bacteria and growth conditions. Escherichia coli XL1-Blue (recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac FЈ proAB lacI q Z⌬M15 Tn10 [Tet r ]) (3) (Stratagene, La Jolla, Calif.) was used as the host for DNA manipulation experiments. The strain was grown in 2YTB (2ϫ YT broth [32] ) or 2YTA (2YTB with 2% [wt/vol] Bacto agar), each supplemented with ampicillin at 100 g ⅐ ml
Ϫ1
. E. coli NM522 [supE thi-1 ⌬(lac-proAB) ⌬(hsdSM-mcrB)5 (r K m K Ϫ) (FЈ proAB lacI q Z⌬M15)] (14) was used as the host for expression of the construct pGEXCELD and was grown in the media described above with an additional supplement of 2% (wt/vol) glucose (2YTBG and 2YTAG).
F. succinogenes S85 (28) was grown as described by Malburg and Forsberg (25) , except that glucose, cellobiose, Avicel cellulose (FMC Corporation, Newark, Del.), or Solka floc cellulose (Brown Company, Berlin, N.H.) was used as a carbon source, in 5-ml culture volumes. Glucose and cellobiose cultures were grown for 20 h, and cellulose cultures were grown for 50 h, at 37ЊC. Cultures were transferred at least three times in each medium to adapt the cells. These cells were then inoculated into 300 ml of medium, grown as described previously (25) , and harvested by centrifugation at 10,000 ϫ g (4ЊC, 10 min). The cells were resuspended in 18 ml of 20 mM PIPES [piperazine-N,NЈ-bis(2-ethanesulfonic acid)] buffer (pH 6.5) and sonicated. The extracellular culture fluid (ECCF) was concentrated to 18 ml by using a PM-10 membrane (Amicon, Oakville, Ontario, Canada).
Plasmid and bacteriophage vectors. The origin of the bacteriophage clone LCel12 carrying endoglucanase genes from F. succinogenes S85 and the construction of its plasmid subclone pCel12 were described by Malburg and Forsberg (25) . The bacteriophage M13 vector PhagescriptSK (Stratagene) was used for production of single-stranded DNA for sequencing, according to the protocol provided by the manufacturer. The expression vector pGEX-4T-2 (Pharmacia Biotech Inc., Baie d'Urfe, Quebec, Canada) was used for construction of pGEX CELD.
DNA methods. Isolation and purification of plasmid and bacteriophage DNAs were accomplished as described by Malburg and Forsberg (25) .
Nucleotide sequences were determined by the dideoxynucleotide chain termination method (33) with either a cycle-sequencing protocol (Applied Biosystems, Foster City, Calif.) or Sequenase (United States Biochemical Corp., Cleveland, Ohio) and with the reactions performed at 45ЊC in the presence of 20% (vol/vol) glycerol to reduce pause artifacts. Nucleotide and amino acid sequences were analyzed with the PC Gene software package (IntelliGenetics Inc., Mountainview, Calif.) and the Blast-server at the National Institutes of Health, Bethesda, Md.
PCR was performed by standard methods (1) . The primers used included a forward primer, celD 1751F (5Ј-GATGGATCCGCAGCGACTGCCTACATC AACC-3Ј), and a reverse primer, celD 3681R (5Ј-AATGGTCGACTTACTTAA TGCGATGGCCCTTG-3Ј), which had BamHI and SalI sites inserted at the 5Ј and 3Ј ends, respectively. RNA methods. RNA was extracted by the method of Chomczynski and Sacchi (5) , except that the precipitation step was done twice. Reverse transcriptase PCR analyses were performed as outlined by the manufacturer (Gibco-BRL) (1) with the following celE primers: forward primer, celE 515 (5Ј-CTCCAGAATCCGAA CAAGGC-3Ј); and reverse primer, celE 1222 (5Ј-CCAGTTGATAGCGACT TCGTTCG-3Ј). Construction of pGEXCELD. pCel12 DNA was digested with AlwNI and XbaI to generate a fragment including the sequence encoding the mature endoglucanase D (EGD) enzyme from the putative signal peptidase cleavage site to a site 11 amino acids downstream from the last serine tract. The isolated DNA fragment was blunt-ended with Klenow enzyme and ligated to 10-mer BamHI linkers. After cleavage with BamHI, the DNA fragment was subcloned into pBluescriptKS and cut with SalI and NotI, and the fragment was cloned into similarly restricted pGEX-4T-2 to give the plasmid pGEXCELD. A single colony of E. coli NM522 carrying pGEXCELD was inoculated into 2YTBG medium and incubated at 30ЊC with shaking until the culture reached an optical density of 1.7 at 600 nm. At this density the culture was induced with isopropyl-␤-D-thiogalactoside (IPTG) at 0.3 mM and further incubated for 3 h. Cells were collected by centrifugation at 10,000 ϫ g (4ЊC, 10 min) and processed for affinity purification of the glutathione-S-transferase (GST)-EGD fusion protein by using glutathione-Sepharose (Pharmacia) according to the recommended protocol. The EGD moiety was cleaved from the Sepharose-bound fusion partner by digestion with thrombin. EGD was separated from thrombin and other minor Sepharosebinding low-molecular-weight contaminant proteins by chromatography on Sephadex G-100 in 100 mM sodium-potassium phosphate buffer (sodium-PPB) (pH 7.5) containing 100 mM NaCl.
Enzyme assay. Unless indicated otherwise, enzyme assays were performed as described earlier (25) , using 50 mM potassium phosphate buffer (pH 5.5). Carboxymethyl cellulose (CMC) (low viscosity; Sigma) at 1% (wt/vol) (final concentration) was used as the substrate for endoglucanase assays. Acid-swollen cellulose (ASC) was prepared according to the protocol outlined by Wood (39) . Preparation of the soluble and insoluble fractions of oat spelts xylan was performed by suspension of 25 g of the polymer in 500 ml of distilled water with stirring at 25ЊC for 20 h followed by centrifugation at 15,000 ϫ g (4ЊC, 30 min) and lyophilization of the soluble and insoluble fractions. Arylglycosides tested as
, and pNP-␤-D-N,NЈ-diacetylchitobiose. One unit of enzyme activity is the amount of enzyme releasing 1 mol of product (glucose equivalents or p-nitrophenol) per min. The optimum pH for EGD activity was determined by using 3.2 mU of EGD in 1% (wt/vol) CMC in sodium acetate buffer (pH 4.5 to 5.5), PPB (pH 5 to 6), and sodium-PPB (pH 5.5 to 8.0) at a final concentration of 0.1 M. The temperature optimum for EGD activity was determined by using 4 mU of EGD in 50 mM PPB at the optimum pH of 5.5. Enzyme assays in studies of substrate specificity were run in PPB at 37ЊC with polymeric substrates at 1% (wt/vol) and arylglycosides at 10 mM (final concentration). Enzyme kinetic studies were performed with various concentrations of CMC diluted in PPB in 30-ml total reaction volumes (contained in 125-ml Erlenmeyer flasks) and in a reciprocating water bath shaker at 120 strokes per min and 37ЊC. Aliquots of 400 l were drawn before enzyme addition and at the times specified in Results and immediately inactivated by treatment at 100ЊC for 30 min prior to being assayed for reducing sugar. Extended hydrolysis of particulate cellulosic substrates was accomplished in 400-l volumes of PPB with added 0.02% sodium azide containing the substrates at 1% (wt/vol) at 37ЊC with agitation as described above for the specified times. Cellooligosaccharide hydrolysis was performed in a final volume of 50 l of 20 mM PPB (pH 6) (0.02% sodium azide) containing the substrates at a final concentration of 2.5 mM. Assays for activity on arylglycosides were performed in PPB with the substrates at a concentration of 10 mM in reaction volumes of 100 l. Plate screening for hydrolysis of CMC by E. coli transformants was carried out as described by Malburg and Forsberg (25) . Viscosity assays were conducted as described previously (26) .
Sugars and oligosaccharides were separated and quantified by high-pressure liquid chromatography with a Dionex CarboPac PA1 ion-exchange column (4 by 250 mm), and detection of the separated sugars was performed with a pulsed amperimetric detector under conditions similar to those for separation of xylooligosaccharides (41) .
SDS-PAGE and Western immunoblotting. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western immunoblotting were performed as described previously (25) .
Anti-EGD polyclonal antisera and monospecific antibodies. Two New Zealand White rabbits were immunized with a total of five intramuscular injections each of 0.45 ml containing 250 g of EGD. Injections were separated by 4-week intervals. The first injection was prepared with Freund's complete adjuvant, and all subsequent injections were prepared with incomplete adjuvant. Eleven days after the last injection the rabbits were bled, and the sera obtained were stored at Ϫ20ЊC. Monospecific polyclonal antibodies were prepared essentially as previously described (19) .
Nucleotide sequence accession number. The nucleotide sequence reported in this paper has been assigned GenBank accession number U05897.
RESULTS

Subclones of LCel12 and endoglucanase expression.
The restriction maps of the original 17-kb LCel12 DNA insert in -Dash (Stratagene) and subclones are shown in Fig. 1 . A 3.6-kb XbaI fragment was cloned into pBluescript KS (pCel12). Two other pCel12 derivatives, pCel12B and pCel12E, were obtained by deletion of restriction endonuclease fragments ( Fig. 1 ). Transformants carrying pCel12B exhibited endoglucanase activity by plate assays, whereas those carrying pCel12E did not. Because expression of endoglucanase by pCel12 was unstable at 37ЊC but not at 28 to 30ЊC (25), a comparison of the effect of growth at the nonpermissive temperature on endoglucanase expression was carried out with pCel12 and pCel12B transformants. pCel12B transformants were stable at 37ЊC and exhibited endoglucanase activity. Ampicillin-resistant, endoglucanase-negative segregants arising from incubation of pCel12 transformants at 37ЊC had deletions of insert DNA and lacked glucanase activity (results not shown). Since pCel12 and pCel12B were both stable when cultured at 30ЊC, they were routinely grown at that temperature.
A celE subclone in E. coli BL21 was generated by ligation of a 1.5-kb EcoRI (vector site, downstream from the KpnI site in pCel12)-BamHI fragment into pBluescript KS, placing celE in frame with the lac promoter of the vector. When colonies carrying this plasmid were streaked on agar plates containing 0.1% (wt/vol) CMC and 5 mM IPTG, limited hydrolysis was detected near and under colonies by Congo red staining, and endoglucanase activities determined by assays of cell extracts were low and variable. This suggests that endoglucanase E (EGE) expressed in E. coli has a low or negligible endoglucanase activity.
Nucleotide sequences of the celD and celE genes. The nucleotide sequence of the DNA insert in pCel12 revealed two adjacent open reading frames containing the structural regions of the endoglucanase genes celE and celD. Their relative positions and direction of transcription are indicated by the arrows under LCel12 in Fig. 1 . The 3Ј end of the celD gene was truncated by the subcloning of the XbaI-cut DNA fragment in pCel12. Sequence information for a 182-bp region beyond the XbaI site, which included the ochre translation termination codon for celD, was obtained by using the LCel12 DNA template. The complete nucleotide sequence of the region containing the celD and celE genes and the sequences of their respective predicted translational products, EGD and EGE, are shown in VOL. 62, 1996 FAMILY 9 ENDOGLUCANASE GENES FROM F. SUCCINOGENES S85 899
showed that celE was 73% identical to celD. However, the longest homologous sequence was 99 bases between bases 2178 and 2275 of celD and bases 92 and 190 of celE.
Upstream from celE at position 20, and in the same reading frame, there was a single stop codon (boldface in Fig. 2 ), overlapping a putative Ϫ10 promoter element. The GTG codon at position 50 was probably the translation initiation codon for EGE. A putative ribosome-binding site of sequence GAACGA was found 9 nucleotides upstream from the initiation codon and is double underlined in Fig. 2 . A putative Ϫ10 promoter sequence, AATTAA, is also double underlined. This potential promoter structure was similar to the putative Ϫ10 sequence AATAA from the F. succinogenes S85 cellodextrinase A gene (22) . Because of limited nucleotide sequence information upstream from the celE initiation region, no typical Ϫ35 promoter sequences were found. The EGE enzyme, encoded from the GTG initiation codon (position 50) to the ochre termination codon at position 1451, had 467 amino acids (Fig. 2) , an estimated molecular mass of 50.7 kDa, and a pI of 5.7. The celE and celD genes were separated by an AT-rich, 223-nucleotide intergenic region containing translational stop codons. The translational initiation codon for the celD gene was the ATG located at position 1677. A short potential ribosome-binding site sequence, AAG, was present 5 nucleotides upstream from the initiation codon (double underlined in Fig.  2 ). The Ϫ10 putative promoter sequence in celD, TATATTAT, located at relative position Ϫ39 (double underlined in Fig. 2) , was identical to the proposed Ϫ10 promoter sequence for xynC which was present at position Ϫ40 (30) . As well, the sequence CTAAAA, which was present in celD at relative position Ϫ26 (boldface in Fig. 2) , had an identical counterpart in xynC at position Ϫ21 (30) . A shorter form of this motif, CTAAA, was found in celE at position Ϫ21 (boldface in Fig. 2 ). The putative Ϫ35 promoter in celD, however, was considered to be the 2) . The coding region in celD, encompassing the DNA sequence from position 1677 to position 3683, encoded an enzyme of 668 residues with an estimated molecular mass of 71.7 kDa and a pI of 6.3 ( Fig. 2) . No hairpin structures were found in the pCel12 nucleotide sequence, and the few inverted repeats longer than 10 bases were positioned more than 300 bases apart (not shown). Two direct repeats, located at the intergenic region between celE and celD and at the region immediately downstream from celD, were found and are shown by arrows in Fig. 2 . Primary structures of EGD and EGE. EGD exhibits a putative signal peptide which is underlined in Fig. 2 ; however, the encoded EGE enzyme does not have a typical signal peptide.
Near the carboxyl terminus of EGD at residue 578, a serinerich periodic sequence (SRPS) separates the large catalytic domain from a shorter carboxyl-terminal domain (Fig. 2) . The SRPS in EGD was composed of a series of six serine runs containing four or five residues, connected by elements of three to five predominantly uncharged residues containing proline, alanine, valine, or combinations of these amino acids. The serine residues composing the SRPS of EGD are underlined in Fig. 2 . A glutamic acid was present as the first residue in three of five connecting elements from EGD (Fig. 2) . Computer analysis of the SRPS suggests that it constitutes a region of increased chain flexibility in the protein (Flexpro program) which may contain random coils, extended stretches, and betaturns as dominant secondary structures (Novotny and Garnier programs). The small C-terminal domain in EGD, which is separated from the catalytic domain by the SRPS, is rich in basic amino acids compared with the entire EGD protein. This 46-amino-acid, basic terminal domain (BTD) had a predicted pI of 11.6. The BTD in EGD is also hydrophilic, as predicted by hydropathy (Novotny and Soap programs) and hydrophilicity (Antigen program) plots.
Similarities between EGD, EGE, and other closely related family 9 glycosyl hydrolases. An amino acid alignment of EGD and EGE with other family 9 (E) cellulases (17) VOL. 62, 1996 FAMILY 9 ENDOGLUCANASE GENES FROM F. SUCCINOGENES S85 901 a high degree of homology. There was nearly 70% identity between EGD and EGE (Fig. 3) . The N-terminal region of EGD, including the signal peptide and the first 125 residues of the predicted mature peptide, lacked homology to EGE. It is noteworthy that the conserved region of identity starting at the leucine residue near the N terminus of EGE (residue 3 in EGE and residue 156 in EGD) contains the catalytic aspartic acid residue (Fig. 3) . This substantiates the notion that the GTG codon at position 50 of the sequence is indeed the initiation codon for translation of the gene; otherwise, the conserved N-terminal sequences would be absent from EGE. Only three internal gaps were revealed by the alignment: a three-residue stretch of the sequence IDP missing in EGD after serine residue 356 and single residues missing in EGE after threonine 164 and tryptophan 361. The entire SRPS at the C-terminal region of EGD is absent in EGE. Interestingly, however, EGE displayed a C terminus which was 61% identical (over 46 residues) to the BTD in EGD. Moreover, several amino acid substitutions in the nonidentical stretches of the BTD in EGE yielded basic residues, making up 35% of the nonidentical residues. The predicted pI for the C-terminal segment of EGE, beginning from residue 422, was 11.4. EGD from Clostridium thermocellum (CTEGD in Fig. 3 ) was the enzyme showing the greatest similarity to EGD from F. succinogenes S85 (score, 147); however, EGA from Pseudomonas fluorescens showed the greatest similarity to EGE (score, 89). The identical residues are clustered in regions of higherlevel conservation along the alignment blocks containing FSEGD lines ending with residues 199, 506, and 550 (Fig. 3) . However, other high-identity clusters can also be found, which may represent regions involved in substrate binding or areas important for the overall structure of these enzymes (Fig. 3) . Nonpolar amino acids were prevalent as identical residues shared by all enzymes (45%) or shared by most enzymes, including FSEGD (54%); these were followed by neutral and aromatic residues, which made up 11.4 and 8.5% (all enzymes) or 22 and 12% (most enzymes), respectively (Fig. 3) . It is probable that most of the identical apolar residues are located in the protein interior.
Purification of EGD. The induced cells disrupted by ultrasonication had an endoglucanase activity of 0.9 U/mg of protein. The affinity-purified GST-EGD fusion protein was active and exhibited a specific activity of 7.16 U/mg of protein. Upon cleavage of GST-EGD with thrombin, the CMCase activity increased 1.2-fold (data not shown). The affinity-purified GST-EGD protein showed an apparent molecular mass of 94 kDa (Fig. 4, lane 2) . Thrombin cleavage of the GST-EGD protein gave rise to the individual GST and EGD moieties of 26 and 68 kDa, respectively (Fig. 4, lane 3 ). An unrelated protein of about 30 kDa from the E. coli cell extract also bound to the glutathione-Sepharose column (Fig. 4, lane 2) . These proteins as well as the residual thrombin were eliminated by a final gel filtration step (Fig. 4, lane 4) . The purified 68-kDa EGD enzyme preparation displayed two faint secondary bands just below the EGD band (Fig. 4, lanes 3 and 4) ; these probably were EGD species which had been proteolytically degraded by host proteases.
Biochemical characterization of the recombinant EGD. The pH optimum for the EGD enzyme was 5.5, and it retained 80% of its maximum activity between pH 5.4 and 7.
Maximum enzyme activity was observed at 35ЊC. At 30 or 40ЊC the remaining activity was reduced to 70 to 80% of the maximum activity, but a sharper decrease in activity was observed at higher temperatures.
The substrate specificity of the EGD enzyme is shown in Table 1 . The enzyme displayed higher activity on ␤-glucan than on CMC and a 10-fold-lower activity on ASC. EGD exhibited low activity on the soluble fraction of oat spelts xylan and on the arylglycosides pNP-␤-D-cellobioside and pNP-␤-D-lactoside. Activity on bacterial cellulose, microcrystalline cellulose, and insoluble xylan was lower, and there was practically no activity on laminarin. To assess the randomness of cleavage of the CMC backbone, the relationship between the production of reducing groups and increase in fluidity was monitored. As shown in Fig. 5 , there was a proportionate increase in reducing sugar with increased fluidity similar in magnitude to that previously observed for endoglucanases from F. succinogenes (26) , indicating a random cleavage.
Hydrolysis products of ASC were glucose and cellobiose, with glucose accounting for a greater-than-fourfold molar excess over cellobiose (Fig. 6) . When cellooligosaccharides were used as substrates, cellobiose was not hydrolyzed, but cellotriose, cellotetraose, and cellopentaose were cleaved to glucose and cellobiose.
Expression of celD, celE, and cellulose-induced proteins antigenically related to EGD in F. succinogenes. Upon probing with monospecific anti-EGD antibodies, the purified EGD analyzed by Western blotting gave a major immunoreactive band (Fig. 7) . However, when the same antibody was used to probe the ECCF of cells grown on glucose, the 68-kDa band and indeed other bands of higher molecular mass were absent. Because the celD antibody recognized proteins of greater than 68 kDa, it might be argued that an error had been made in the cloning process and that a truncated gene was created. Although our earlier Southern hybridizations (25) showed that there was no evidence of DNA rearrangement, the size of the celD gene was confirmed by PCR amplification of a 1.9-kb fragment by using primers to the 5Ј and 3Ј ends. This additional result rules out the possibility of a truncation of celD during cloning. Therefore, it appears that the high-molecular-mass bands showing identity are different proteins with cross-reactive epitopes. Since we lacked antibodies against the celE gene product, reverse transcriptase PCR was used to screen total RNA from F. succinogenes grown on cellulose and glucose for the celE message synthesis. As shown in Fig. 8 , mRNA was produced by F. succinogenes grown on cellulose, as indicated by the amplification of an internal 0.7-kbp fragment which included a major portion of the putative catalytic domain. No message was synthesized by cells grown on glucose. Therefore, it is likely that celE codes for a cellulose-inducible, catalytically active glucanase.
DISCUSSION
Two adjacent genes, celE and celD, separated by a short intergenic region present in the insert DNA of the clone pCel12 (25), were found. Excluding the 5Ј extension and the VOL. 62, 1996 FAMILY 9 ENDOGLUCANASE GENES FROM F. SUCCINOGENES S85 903 SRPS-encoding sequences in celD, which are absent in celE, the two genes exhibited 73% homology in their DNA sequences, and the encoded endoglucanases EGE and EGD were 70% identical in primary structure. Adjacent genes coding for polysaccharides have been reported for other fibrolytic bacteria. They include adjacent genes encoding xylan degradation enzymes (24, 29, 37) , xylanase and cellulase genes (16) , and cellulase genes (10, 18) . In most cases the adjacent genes were nonhomologous or had limited similarity. However, the celA and celB genes from Bacillus sp. strain N-4, like celE and celD from S85, were homologous and present in the chromosome as a tandem array and in the same orientation (10) . The Bacillus genes displayed 89% identity in nucleotide sequence (10) , which suggested a previous gene duplication event. This duplication may have originated during DNA replication by homologous recombination involving 16-to 18-bp direct repeats which occur upstream from celA, between celA and celB, and downstream from celB (8) . In the intergenic region between celE and celD from F. succinogenes S85, and immediately downstream from celD, a 17-bp direct repeat was found. However, no copies of the repeat were found in the short DNA sequence upstream from celE. The sequence motif CTAAA present in the promoter regions of the Bacillus glucanase genes was also found in the same region in celD and celE. With these striking similarities it could be possible that the celD and celE genes arose by homologous recombination involving any of the repeats described above. However, over the years celE may have evolved to lose the DNA sequences encoding the 150-residue N-terminal region and the SRPS, but the largely hydrophilic BTD at the C terminus seemed to have been conserved in terms of its basic character through amino acid substitution, which apparently selected for positively charged residues. On the basis of comparisons of gene divergence in actinomycetes (38) , the identity between celE and celD suggests that the gene duplication occurred more than 1.4 ϫ 10 8 years ago. The low catalytic activity of EGE expressed in E. coli may bear little relationship to the activity in F. succinogenes, since celE mRNA synthesis is induced by growth of F. succinogenes on cellulose. In E. coli, EGE may be more sensitive to proteolytic degradation than EGD because of the more terminal location of the catalytic residues.
Serine-rich tracts are found in many glycanases and are usually found in linker sequences connecting functional domains (12) . However, an extensive computer search of protein databases revealed that periodically organized serine-rich sequences resembling the SRPSs from F. succinogenes S85 are found only in glycanases from P. fluorescens subsp. cellulosa, a glucoamylase from Saccharomyces cerevisiae, and other functionally unrelated proteins from S. cerevisiae and other microorganisms. The enzymes from P. fluorescens subsp. cellulosa display two arrays of SRPSs separated by 157 amino acids (EGA) (15) or 52 amino acids (CEDC) (7) . The xylanase A and endoglucanase B from the same organism also possess two SRPS arrays separated by 47 residues (16) and 49 residues (11), respectively. In these enzymes the SRPSs were located either at the N-terminal (16) or at the C-terminal (15) portions of the proteins. Similarly organized SRPSs were observed in the mixed-linkage 1,3-1,4-␤-glucanase (34), which we will refer to as lichenase A (or LicA), and in the three-domain xylanase C (XynC) (30) , both from F. succinogenes S85. As in EGD, the SRPSs in LicA and XynC are located C terminal from the catalytic domain. In fact, the first serine of the SRPS in EGD is located 40 amino acids C terminal from the putative catalytic glutamic acid residue at position 538 (Fig. 2) . In XynC, the first serine residues of the SRPSs in domain A and domain B are located at 30 and 29 residues downstream, respectively, from the most C terminal of the predicted catalytic glutamic acid residues (30) . Figure 9 depicts a comparison of the profiles for reverse (beta)-turn propensity and charge for the final 300 amino acids in the C termini of EGD, LicA, and XynC. The figure spans the C-terminal portion of the catalytic domains and the entire SRPSs and BTDs (boundaries are indicated by vertical dashed lines). The similarity between the profiles encompassing the SRPSs and BTDs from EGD and LicA is striking (Fig. 9) . The SRPS from LicA (34) contains five serine runs of four residues each, linked by connecting elements which are completely devoid of charged residues. Analysis of LicA by using the Novotny, Garnier, and Flexpro programs indicates that its SRPS shares the same high beta-turn propensity displayed by EGD and associated chain flexibility.
In XynC the SRPS separates the catalytic domains (A and B) from a comparatively shorter, C-terminal, positively charged BTD referred to as domain C (30) . The BTD from LicA contained 43 amino acids and had a predicted pI of 11.7, while the BTD in XynC included 66 residues and had a pI of 10.9. Computer analysis of the amino acid sequences of BTDs from EGD, LicA, and XynC with the Palign and Clustal programs indicated that there were no significant sequence similarities among the BTDs. As well, no similarities between the corresponding coding DNA sequences were found. This shows that the conserved basic character of the BTDs in SRPS-containing glycanases from F. succinogenes S85 is purely compositional. The higher density of basic residues in the BTD of EGD (Fig.  9 ) confers a high degree of hydrophilicity.
The predicted primary structures of EGE and EGD from S85 showed regions of identity and similarity to C. thermocellum EGD (CTEGD in Fig. 3 ) which included the catalytic amino acids. In fact, the highest pairwise similarity score of EGD from S85 and family 9 glycanases was that obtained with C. thermocellum EGD (Fig. 3) . In C. thermocellum EGD, the positions of the catalytic residues have been identified by a combination of site-directed mutagenesis (4, 35) and highresolution X-ray crystallography (23) . The site-directed mutagenesis studies of C. thermocellum EGD targeted exclusively the charged catalytic histidine, aspartic acid, and glutamic acid residues (4, 35, 36) . However, the three-dimensional structure of C. thermocellum EGD revealed that a number of other amino acids located in the long groove of the active site are positioned favorably to interact with substrates (23) . These (23) . The fact that the gaps inserted in the sequences by the alignment in Fig. 3 are small suggests that the folding patterns (6) of the family 9 enzymes are likely to be very similar. Among the family 9 enzymes in Fig. 3 is another F. succinogenes S85 endoglucanase, EGB (FSEGB). F. succinogenes EGB was the product of the engB gene, which was independently cloned (8) and sequenced (2) . It exhibited similarity scores of 132 and 87 with EGD and EGE, respectively. Restriction mapping and DNA amplification studies using engBspecific primers indicated that the gene was present in the pCel4 clone isolated by us (25) . The EngB enzyme lacked both an SRPS and a BTD. With the addition of celE to the collection, the minimum number of individual genes encoding cellobiosidases and glucanases in F. succinogenes S85 has increased to 13 .
EGD hydrolyzed amorphous cellulose with the production of glucose as the major hydrolysis product. It cleaved cellooligosaccharides, with the exception of cellobiose, to form glucose and cellobiose. Most endoglucanases do not degrade ASC mainly to glucose but rather produce a mixture of cellooligosaccharides. For example, endoglucanase 1 from F. succinogenes produces cellobiose and cellotriose (26) , endoglucanase 2 produces a broad mixture of cellooligosaccharides with cellotetraose as the predominant product (26) , and endoglucanase 3 (product of cel3) (27) produces cellobiose and cellotriose. Similar to EGD, the celB and celC enzymes from Neocallimastix patriciarum (40) produced glucose and cellobiose as the major hydrolysis products. The results suggest that these enzymes contain fewer subsites for enzyme binding to substrate than many other enzymes and may hydrolyze the substrate by a multimolecular reaction sequence (41) .
The monospecific anti-EGD polyclonal antibodies revealed the expression of a protein of the same size as the cloned celD gene product by F. succinogenes grown with cellulose as a carbon source. The antibody also reacted with proteins having higher molecular masses (Fig. 7) . Glycoprotein staining of affinity-purified EDG run in parallel with extracellular proteins of F. succinogenes demonstrated that EDG is not a glycoprotein, whereas numerous glycoproteins among the Fibrobacter extracellular proteins were stained (31) . Therefore, the highermolecular-mass cross-reactive proteins released into the ECCF probably are different proteins but with shared antigenic epitopes. We have previously identified two proteins with antigenic epitopes shared with other proteins. These include a 180-kDa cellulose-binding protein (13) and a chloride-stimulated cellobiosidase (21) . Consequently, the finding of another protein with putative shared epitopes may indicate that these proteins interact as a complex during the hydrolysis of cellulose.
